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INTRODUCTION
A central theme in biodiversity science is the quest to
understand patterns of species abundance and distribution,
which, when matched with their genetic structures, provide
important insights into current biodiversity patterns (Silver-
town & Antonovics, 2001). The genetic structures of species
are shaped by historical factors such as glacial maxima and
vicariance as well as by landscape variables, such as habitat
homogeneity and connectivity (sensu Baguette, 2004), that
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ABSTRACT
Aim When interpreting genetic patterns across a landscape it is surprisingly
difficult to disentangle the effects of landscape connectivity from those of species
biology. Here, the spatial distributions of genetic variation of two sympatric
elephant-shrew species, the western rock elephant-shrew (Elephantulus rupestris)
and the round-eared elephant-shrew (Macroscelides proboscideus), are determined
and compared. We selected these species because they have similar biologies but
differ markedly in habitat use, the rationale being that differences in their genetic
structure should be a result largely of landscape variables directly or indirectly
affecting dispersal rather than of the biology of the species.
Location South Africa and Namibia.
Methods Mitochondrial sequence data (control region and cytochrome b) were
used to describe the phylogeographic structure of these elephant-shrew species
across their distribution. To determine whether genetic variation is significantly
structured, spatial analyses of molecular variation were performed. Isolation-by-
distance versus alternative patterns of genetic structure was investigated using a
Mantel test.
Results Our analyses indicated an overall structured genetic profile for
E. rupestris, a species closely associated with rocky outcrops. This was in
contrast to a pattern mostly of isolation-by-distance across the distribution of
M. proboscideus, a species found on gravel plains.
Main conclusions Specific landscape features will differentially affect gene flow
(both historical and current), and therefore also the spatial genetic structure, of
species with markedly different habitat requirements. The genetic profiles for the
two species included here support predictions based on the connectivity of their
respective occupied habitats. The results also support the more general prediction
that species with a naturally clustered distribution (such as E. rupestris) should
have a more structured genetic pattern than those having a more continuous
distribution (M. proboscideus).
Keywords
Elephant-shrews, Elephantulus rupestris, isolation-by-distance, Macroscelidea,
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directly influence gene flow patterns (see, for example, Hewitt
& Ibrahim, 2001; Manel et al., 2003; Storfer et al., 2007). For
species with continuous distributions, high landscape connec-
tivity often leads to genetic connectivity because of the ease of
migration and gene flow. Similarly, in instances where species
have a naturally disjunct distribution, genetic patterns often
reflect this fragmented distribution (Storfer et al., 2007, and
references therein). Following from this, habitat connectivity
must be an important driving force in shaping genetic
variation. Surprisingly few studies have correlated genetic
pattern with habitat choice (but see Rocha et al., 2002; Lourie
et al., 2005), and even in these instances it is often difficult to
disentangle the specific effects of habitat use from species-
specific variation in other life-history characteristics such as
territoriality, mating system and dispersal.
Our focus was on two southern African endemic elephant-
shrew species (Mammalia: Afrotheria: Macroscelidea): the
round-eared elephant-shrew, Macroscelides proboscideus (Shaw,
1800) and the western rock elephant-shrew, Elephantulus
rupestris (A. Smith, 1831). Both of these species are grouped
within the subfamily Macroscelidinae (Douady et al., 2003).
Macroscelides proboscideus and E. rupestris have largely over-
lapping distributions in South Africa and Namibia (Skinner &
Chimimba, 2005) that include the semi-arid Succulent Karoo,
Nama Karoo, Fynbos and Albany thicket vegetation biomes
(Low & Rebelo, 1996; Mucina & Rutherford, 2006). Although
these two species are thought to have diverged c. 20 Ma
(following Douady et al., 2003), they have remarkably similar
life histories when considered in a broader small-mammal
context and, as such, are good candidate species for our
comparative study (for a comprehensive review on elephant-
shrews see Rathbun, 2009). Specifically, both species are
relatively small-sized (E. rupestris: 54.0–77.0 g; M. proboscide-
us: 31.0–47.0 g), insectivorous (or omnivorous as recorded for
M. proboscideus, Kerley, 1995), territorial, live solitarily (Sauer
& Sauer, 1972) or in facultative (not obligatory) pairs, and
show social uniparental monogamy (Table 1; Rathbun &
Rathbun, 2006). However, these species differ markedly in
habitat use. Elephantulus rupestris is closely associated with
rocky outcrops, whereas M. proboscideus inhabits desert and
semi-arid zones comprising open country with shrub bush and
sparse grass cover on gravel plains. These habitat types contrast
sharply in connectivity: rocky outcrops are disjunctly distrib-
uted whereas gravel plains are mostly continuously connected.
In this study we describe and compare the spatial genetic
structure in M. proboscideus and E. rupestris. Our a priori
hypothesis is that M. proboscideus, the species with a more
continuous distribution on gravel plains, should reflect a
pattern of isolation-by-distance (IBD), as relatively few habitat
features impede migration (gene flow) across its range. In
contrast, E. rupestris, the species whose habitat is disjunct,
should be characterized by a more structured genetic profile
because migration is impeded by the low quality of the matrix,
all other things being equal.
MATERIALS AND METHODS
Taxonomic sampling
Two subspecies are currently recognized in M. proboscideus:
Macroscelides proboscideus proboscideus (Shaw, 1800), which has
a South African/Namibian distribution, and Macroscelides
proboscideus flavicaudatus (Lundholm, 1955), with a northern
Namib Desert distribution. The range of M. p. proboscideus
largely overlaps with that of E. rupestris, and for comparative
purposes only this subspecies is included. In the case of
E. rupestris there is no currently recognized subspecies. How-
ever, for both these taxa a number of species were previously
described based on phenotypic differences (these are currently
all synonymized within M. p. proboscideus and E. rupestris).
Given that phenotypic characters may be influenced by
environmental factors, we wanted to confirm the monophyly
and current taxonomy of these two elephant-shrew species using
molecular markers. This was an important consideration for us
as the conclusions of our study are dependent on the taxa being
monophyletic. For this verification, the type specimens (housed
in the Transvaal Museum, South Africa) of all previously
recognized taxa were included (see Appendix S1 in the Sup-
porting Information). As most of these specimens are older than
60 years, we based this analysis on a short (371 bp) fragment of
the mitochondrial control region (see e.g. Rohland et al., 2004,
for a discussion on DNA extracted from older material).
The phylogeographic structure of M. p. proboscideus is
described using a sample of 56 specimens from 23 localities
Table 1 Comparative summary of life-his-
tory characteristics for Macroscelides probo-
scideus proboscideus and Elephantulus
rupestris.
M. p. proboscideus E. rupestris
Distribution South Africa, Namibia and
southern parts of Botswana
South Africa and Namibia
Habitat use Gravel plains Rocky outcrops
Spatial habitat Continuously connected Disjunct
Landscape connectivity Higher Lower
Size (g) 31.0–47.0 54.0–77.0
Diet Insectivorous/Omnivorous Insectivorous/Omnivorous
Biology Territorial Territorial
Solitarily or in pairs Solitarily or in pairs
Social uniparental monogamy Social uniparental monogamy
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throughout the taxon’s range (Fig. 1a and Appendix S2).
Similarly, 70 E. rupestris specimens were included from 32
localities (Fig. 2a and Appendix S2). More than 75% of the
material analysed here is derived from museum specimens, the
oldest of which dates back to 1918. The use of museum tissue
is becoming increasingly important in assessing genetic
profiles, in particular where access to fresh material is
constrained by varying population densities as well as by the
costs and time involved in fieldwork.
DNA extraction, polymerase chain reaction and
sequencing
A commercial DNA extraction kit (Qiagen, Valencia, CA) was
used for all DNA extractions. Tissue from museum specimens
was preferentially taken from within the skull cavity using
sterile forceps, thereby avoiding external damage to specimens.
To verify the authenticity of sequence data from museum
specimens (i.e. that the data are not the result of a contam-
(a) (b)
Figure 1 (a) Sampling localities (n = 23) over the entire range of Macroscelides proboscideus proboscideus throughout Namibia and South
Africa. (b) Unrooted neighbour-joining haplotype tree based on 1398 bp of sequence from the combined cytochrome b gene and control
region, showing no structured genetic pattern. The positions of Aberdeen and Steytlerville (Albany thicket) are indicated by the filled grey
squares on the map (a), and by the circle on the haplotype tree (b).
(a) (b)
Figure 2 (a) Sampling localities (n = 32) covering the entire range of Elephantulus rupestris throughout Namibia and South Africa. The
different lineages for E. rupestris are coded as follows: Namibia/Central Cape, dotted line; Northern Cape A, dashed line; Northern Cape B,
solid line. (b) Unrooted neighbour-joining haplotype tree based on 1398 bp of the combined cytochrome b gene and control region for
E. rupestris. The most divergent lineage, Kaokoland, is excluded from the tree to provide better resolution. Three specimens from Upington,
Northern Cape, South Africa were included – two of these group within the Northern Cape B lineage and the third specimen groups within
the Namibian lineage. The position of the single specimen that groups within the Namibian lineage is indicated in (a).
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inant), standard ancient-DNA protocols (Rohland et al., 2004)
were routinely followed. At least two independent polymerase
chain reactions (PCRs) were performed to verify sequences.
Extraction and PCR blanks were always negative, and
sequences were subjected to blast searches in GenBank.
In addition, the DNA amplicons from different specimens
routinely returned sequences that differed between specimens,
making it highly unlikely that the sequences resulted from
cross-contamination.
Standard laboratory protocols were followed. In brief, PCRs
were carried out in a GeneAmp PCR 2700 system (Applied
Biosystems, Fairlands, South Africa) involving an initial
denaturation step of 3 min at 95 C, followed by 35 cycles of
95 C for 30 s, a primer- and tissue-specific annealing
temperature for 30 s and 72 C for 60 s. Amplifications were
completed with a final 5-min extension step at 72 C.
Sequencing reactions were performed using BigDye chemistry
(version 3; Applied Biosystems). Centrisep spin columns
(Princeton Separations, Freehold, NJ, USA) were used to
clean sequencing cocktails. The products were analysed on a
3100 ABI automated sequencer (Applied Biosystems). Electr-
opherograms of the raw sequences were checked by eye and
edited with Sequence EditorTM 1.0.3a (Applied Biosystems).
Phylogeographic analyses were based on two mitochondrial
DNA segments: the protein-coding cytochrome b gene (1027 bp)
and the 5¢ portion of the control region (371 bp). Amplification
of sequences from fresh material used universal mammalian
primers (Paabo & Wilson, 1988; Kocher et al., 1989; Irwin et al.,
1991; Rosel et al., 1994). To improve successful PCR amplifica-
tion of museum material, species-specific primers spanning no
more than 300 bp were designed (see Appendix S3 for primer
information). Sequences were submitted to GenBank under
accession numbers EF141697–EF141822 (M. proboscideus) and
EF141557–EF141696 (E. rupestris).
Data analyses
To verify the monophyly and current taxonomy of
M. p. proboscideus and E. rupestris, standard tree-building
algorithms as implemented in paup* (Swofford, 2001) were
used. In short, trees were built under parsimony (heuristic
search option with tree bisection–reconnection branch swap-
ping) and maximum likelihood [the optimal model of
evolution as determined in Modeltest was GTR + I
(0.293) + G (0.999); Posada & Crandall, 2001]. Nodal support
was assessed through bootstrap replicates (1000 replications).
For each species, we tested whether the spatial distribution
of haplotypes differed from random. This was done through a
spatial analysis of molecular variance (SAMOVA 1.0, Dupan-
loup et al., 2002). Conventional F-statistics and pairwise FST-
values were calculated in Arlequin 3.1 (Excoffier et al., 2005).
Permutational procedures (1000 randomizations) were used to
provide significance tests for these statistics under the null
hypothesis of panmixia. Sampling localities were treated as
populations. Haplotypes were connected with Splitstree 4
(Huson & Bryant, 2006) in an unrooted neighbour-joining tree
based on uncorrected pairwise-distance. To investigate the
spatial genetic structure, a spatial autocorrelation using a
Mantel test was performed. For this, the regression of FST/
(1 ) FST) was correlated against the logarithm of geographic
distance (measured ‘as the crow flies’) (Rousset, 1997) as well
as against linear geographic distance. IBD is implied when the
regression of FST/(1 ) FST) decreases linearly with the loga-
rithm of the distance (Rousset, 1997), whereas a combination
of processes (such as IBD in combination with multiple gene
pools) is implicated when the regression of FST/(1 ) FST)
decreases linearly with linear distance (see Born et al., 2008).
RESULTS
Monophyly of species
The monophyly of M. p. proboscideus and of E. rupestris was
verified by comparing 371 bp of the mitochondrial control
region from type specimens of all 14 of the previously
recognized but currently subsumed taxa (see Appendix S1)
with all the haplotypes identified from the phylogeographic
study. The tree was rooted on the six other elephant-shrew
species with South African distributions – Petrodromus
tetradactylus (GenBank DQ901226), Elephantulus intufi
(DQ901239), Elephantulus brachyrhynchus (DQ901229),
Elephantulus pilicaudus (DQ901250), Elephantulus edwardii
(DQ901139) and Elephantulus myurus (DQ901244). Irrespec-
tive of the method of analysis (parsimony or maximum
likelihood), the monophyly of both M. p. proboscideus and
E. rupestris was supported by 100% bootstrap support, con-
firming the current taxonomy (see Appendix S4; refer also to
Smit et al., 2007, 2008).
Population structure
Macroscelides proboscideus proboscideus
The M. p. proboscideus dataset comprised 1398 bp (1027 bp of
cytochrome b and 371 bp on the 5¢ side of the control region),
representing 56 specimens from 23 localities. A total of 51
haplotypes were identified, of which 47 were private/unique,
and four were shared (h = 0.99).
The overall pattern across the haplotype tree was largely
unstructured, with no obvious geographic groupings being
evident (see Fig. 1b). However, when performing a SAMOVA,
FCT was maximized at two groups: the two most eastern
localities, namely Aberdeen and Steytlerville, grouped as a
single entity against the remainder of the populations
(FCT = 0.393; P = 0.002) (see Fig. 1a). To test whether limited
gene dispersal resulting in IBD characterizes M. p. proboscideus
across its distribution, a Mantel test was performed. This test
rejected the null hypothesis of no association between genetic
and geographic distances. Specifically, the relationships
between genetic dissimilarity [FST/(1 ) FST)] and both the
linear (r2 = 0.133; P < 0.001) and logarithmic form (r2 =
0.087; P < 0.001) of geographic distance confirmed positive
H. A. Smit et al.
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correlations. Comparing the coefficients of determination
associated with these two regressions, the linear one resulted
in a ‘better fit’, indicating that other processes might also be
involved in shaping the genetic pattern.
Elephantulus rupestris
For E. rupestris, the dataset comprised 1287 bp (960 bp of the
cytochrome b gene and 327 bp of the control region) from 70
specimens representative of 32 localities. Eight of the 62
inferred haplotypes were shared among specimens, with the
remainder (54 haplotypes) being unique/private (h = 0.99).
Spatial analysis of molecular variance maximized the
portion of genetic variance at two groups, which corresponded
to Kaokoland, the northernmost locality (see Fig. 2a), and the
remainder of the localities (FCT = 0.469; P = 0.034). The
unrooted neighbour-joining tree (see Fig. 2b) revealed the
presence of an additional three distinct haplogroups that
loosely correspond to geographic sampling regions. These are
Northern Cape A (Springbok, Kamieskroon, Prieska, Calvinia,
Carnarvon), Northern Cape B (Upington, Komaggas, Ken-
hardt, Nababeep, Lutzputs, Springbok, Kamieskroon, Augra-
bies, Calvinia, Louisvale) and Namibia/Central Cape
(comprising all localities from Namibia and the Central Cape).
The genetic distinctiveness of these lineages was confirmed by
population pairwise FST-values (Table 2).
The grouping of Namibian localities with those from the
Central Cape was unexpected (these two regions are separated
by more than 1000 km). A closer examination of the data
revealed no shared haplotypes between the Central Cape and
Namibia. To investigate the distinctiveness of these two groups
further, an analysis of molecular variance (AMOVA) was
performed that specified the Central Cape localities as a
distinct group separate from Namibian ones. This analysis
returned a highly significant FST-value, underscoring the
distinctiveness of these two regions (FST = 0.195; P < 0.001;
see Table 2).
No IBD was detected for E. rupestris across its entire
distribution range. No significant relationships were found
between FST/(1 ) FST) and both linear (r
2 = 0.005, P = 0.087)
and logarithmic (r2 = 0.001, P = 0.418) geographic distances.
DISCUSSION
Genetic variation across a landscape is shaped by various biotic
and abiotic factors. Amongst these is the connectedness of the
landscape, whereby one might expect very different genetic
patterns for species with a continuous as opposed to a disjunct
distribution (e.g. Taylor, 1993). Two species with very similar
biologies (within a broader small-mammal context) were
selected for this study, the rationale being that differences in
their phylogeographic patterns should be a result largely of the
direct or indirect effect of landscape variables on dispersal
rather than of their different biologies. Not surprisingly, two
dissimilar genetic patterns characterized the species included
here, and we discuss our results in the light of their respective
habitats (including topography and landscape features).
For M. p. proboscideus the overall pattern was one of IBD,
signifying that geographic distance accounts for much of the
observed genetic pattern (Wright, 1943). Macroscelides inhabits
plains with a coarse gravel substrate. Although gravel plains in
themselves are fragmented rather than continuous, they are
nonetheless typically more continuous than a habitat of rocky
outcrops (Mucina & Rutherford, 2006; L. Mucina, Department
Botany and Zoology, Stellenbosch University, South Africa,
pers. comm.). In other words, dispersal would be easier, and as
a result more frequent, than in a species that uses patchier
habitat such as rocky outcrops. IBD is not an uncommon
phenomenon in other small-mammal species with continuous
distributions, for example in the hispid cotton rat (Sigmodon
hispidus, Pfau et al., 2001) and the house mouse (Mus musculus,
Dallas et al., 1995). IBD patterns have been documented to
differ between sexes (Seielstad et al., 1998; Johnson et al., 2003)
and, although not directly tested in our study, this pattern is
highly unlikely for elephant-shrews, given what is known about
their social structure. All elephant-shrew species studied to date
show a facultative (not obligatory) social monogamous struc-
ture, in which the male and female pair home range is largely
congruent but rarely overlaps with territories of neighbouring
pairs. When a neighbouring male or female territory holder
disappears or dies, the replacement (by male or female) is
usually swift (Ribble & Perrin, 2005; Rathbun & Rathbun,
2006), which suggests limited but equal dispersal in both sexes.
Importantly, however, a linear regression better explained
the correlation between genetic and geographic distance in
M. p. proboscideus, indicating that more than one process
might be at play (see Born et al., 2008). These might include
differential selection pressures across the distribution of the
species and/or distinct gene pools. Although we were not able
to test whether differential selection pressures act across the
distribution of the species, we did detect the presence of two
gene pools, with the two most eastern localities, Aberdeen and
Table 2 Pairwise UST-values among
different geographic haplogroups within











Northern Cape A 0.697 0.439
Northern Cape B 0.647 0.299 0.543
Central Cape 0.649 0.195 0.554 0.437
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Steytlerville, grouping separately from the remainder of the
localities. These two localities are situated on the limit of
the eastern distribution of the species, in a region where the
vegetative Fynbos biome changes to Albany thicket (Mucina &
Rutherford, 2006). Similar to in our study, this region of
biome crossover has previously been identified as a region
where distinct genetic lineages characterize species (see for
example the study by Tolley et al., 2008).
In contrast to the results for M. p. proboscideus, no IBD was
detected for E. rupestris, the rocky-outcrop specialist. Instead,
several distinct haplogroups were detected. First, the north-
ernmost locality of Kaokoland clustered as distinct from the
remainder of the localities to the south, with no shared
haplotypes among them. Although our genetic analysis for the
northern group is based on a limited sample (n = 3) and
should therefore be considered preliminary, it is noteworthy
that this break coincides with the genetic pattern found in
the rock-dwelling gecko Pachydactylus scherzi (Bauer, 1999),
possibly reflecting the shared effect of fragmentation of the
rocky areas in northern Damaraland and Kaokoland.
An additional four haplogroups became evident across the
remainder of the distribution of E. rupestris. These
correspond broadly to a Namibian and Central Cape group
(these are considered as two distinct groups; see Results) and
two Northern Cape clades (A + B). Haplotypes belonging to
the Northern Cape A and Northern Cape B clades are found
in the Succulent Karoo and Nama Karoo (sensu Mucina &
Rutherford, 2006). These areas are noted for isolated rocky
outcrops separated by extensive plains. Although relatively
few haplotypes are shared between the Northern Cape A and
Northern Cape B groups, there is a large overlap in the
geographic distribution of these clades that might be ascribed
to the retention of ancestral haplotypes within these haplo-
groups. Historically, populations may have been confined to
isolated refugia for extended periods, allowing the accumu-
lation of genetic differences among them, effectively resulting
in two genetically divergent groups with largely overlapping
ranges (populations would have expanded during times when
suitable habitat became available, see, for example, Saarma
et al., 2007). The Central Cape lineage is largely separated
from the Northern Cape lineages along the South African
escarpment, which also coincides with the transition from the
Fynbos biome to the Nama Karoo and Succulent Karoo
biomes.
CONCLUSIONS
Spatial genetic variation in species is shaped largely by the
occurrence of gene flow (or the absence thereof), which, in
itself, is a dynamic process. In species for which populations are
naturally more isolated, physical barriers (such as the absence
of suitable habitat) are more likely to impede gene flow than
they are in species with a more continuous distribution. It is
therefore not surprising that we found the spatial genetic
structure in a species with a naturally clumped distribution
(E. rupestris) to be more fragmented than that in a species with
a more continuous distribution (M. p. proboscideus), for which
the spatial genetic structure was largely one of IBD.
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